Drug-associated cues can elicit relapse to drug seeking after abstinence. Studies with extinction-reinstatement models implicate dopamine (DA) in the nucleus accumbens shell (NAshell) and dorsolateral caudate-putamen (dlCPu) in cocaine seeking. However, less is known about their roles in cue-induced opiate seeking after prolonged abstinence. Using a morphine self-administration and abstinence-relapse model, we explored the roles of NAshell and dlCPu DA and the D1/D2-like receptor mechanisms underlying morphine rewarding and/or seeking. Acquisition of morphine selfadministration was examined following 6-Hydroxydopamine hydrobromide (6-OHDA) lesions of the NAshell and dlCPu. For morphine seeking, rats underwent 3 weeks' morphine self-administration followed by 3 weeks' abstinence from morphine and the training environment. Prior to testing, 6-OHDA, D1 antagonist SCH23390, or D2 antagonist eticlopride was locally injected; then rats were exposed to morphine-associated contextual and discrete cues. Results show that acquisition of morphine self-administration was inhibited by NAshell (not dlCPu) lesions, while morphine seeking was attenuated by lesions of either region, by D1 (not D2) receptor blockade in NAshell, or by blockade of either D1 or D2 receptors in dlCPu. These data indicate a critical role of dopaminergic transmission in the NAshell (via D1-like receptors) and dlCPu (via D1-and D2-like receptors) in morphine seeking after prolonged abstinence.
Introduction
Relapse to drug seeking is a major impediment in the treatment of drug addiction. Stimuli or cues associated with previous drug intake can provoke drug craving in addicts following abstinence (O'Brien, 2005; Sell et al., 2000) , or drug-seeking behavior in animals after either an extinction training (Bossert et al., 2007 (Bossert et al., , 2009 De Wit and Stewart, 1981) or a long period of abstinence (Gal and Gyertyan 2006) .
Previous studies of cocaine seeking have focused on the dopaminergic (DAergic) system in the nucleus accumbens (NAc) and the dorsolateral striatum (dlCPu, dorsolateral caudate-putamen). Given that drug addiction is hypothesized as a transition from NAc-dependent goal-directed drug taking to dlCPu-dependent habitual drug seeking Everitt et al., 2008; Holmes and Clemens, 2011) , it is not surprising that animal and human studies revealed differential roles for DA in NAc shell (NAshell) (Anderson et al., 2003 (Anderson et al., , 2006 Schmidt and Pierce, 2006; Shalev et al., 2002) and that in dlCPu (Ito et al., 2002; Volkow et al., 2006) in cocaine seeking. Although the neural substrates for relapse of cocaine seeking is relatively well elucidated for conditioned cued reinstatement (See, 2002 (See, , 2005 , the mechanism underlying opiate seeking remains poorly understood.
Unlike cocaine directly increasing DA levels by reuptake blockade or reverse transport (Jones et al., 1995) , opiates (heroin and morphine) indirectly increase DA release in striatum by disinhibiting GABA interneurons in the ventral tegmental area (VTA) (Johnson and North, 1992) . As a result, repeated opiate and cocaine administration differentially affects neuroplasticity. For example, the former decreases GABAergic synaptic transmission in VTA whereas the latter increases it (Liu et al., 2005; Madhavan et al., 2010) . Thus, the roles of ventral and dorsal striatal DA in cue-induced opiate seeking might differ from that of cocaine (Badiani et al., 2011; Shalev et al., 2002) . Existing studies on the roles of DA in the NAc and dlCPu in opiate reward and seeking show several discrepancies and gaps. For instance, extracellular DA in the NAshell is elevated by opiate self-administration and drug-paired cues (Bassareo et al., 2007; Lecca et al., 2007; Pontieri et al., 1995) , whereas Gerrits and colleagues reported that NAc is not involved in the acquisition of heroin self-administration (Gerrits and Van Ree, 1996; Gerrits et al., 1994) . Although recent evidence suggests that DA transmission via D1 receptors in the NAshell and dlCPu plays an important role in reinstatement induced by heroin-associated context (Bossert et al., 2007 (Bossert et al., , 2009 , the role of D2 receptors in these area requires further investigation. In addition, it is noteworthy that most evidence regarding the roles of NAshell and dlCPu in drug seeking derives from studies with the extinction-reinstatement model, whereas human addicts rarely undergo extinction training. Furthermore, few studies have compared the roles of the dorsal and ventral striatal DA system in opiate reward and seeking behaviors.
To address these issues, the present study examined the effect of lesions of the DAergic system in NAshell and dlCPu on reward learning in a morphine self-administration paradigm, as well as that on drug seeking induced by contextual and discrete cues after prolonged abstinence in a clinically relevant abstinence-relapse model (Gal and Gyertyan, 2006) . Given that the literature suggests a more important role of NAshell DA than core DA in responding to opiate or associated cues (Bassareo et al., 2007; Lecca et al., 2007; Pontieri et al., 1995) , we chose NAshell for comparison with dlCPu. Since DA transmission is mainly mediated via D1-and D2-like receptors (Edwards et al., 2007; Jackson and Westlind-Danielsson, 1994) , whose cellular and behavioral effects can be dissociated (Liu and Weiss, 2002; Sun and Rebec, 2005; Tobin et al., 2009) , the D1 receptor antagonist SCH23390, or the D2 receptor antagonist eticlopride were microinjected into either the NAshell or dlCPu to investigate the possibly dissociable roles of D1 and D2 in each site in morphine-seeking behavior.
Materials and methods

Animals
Adult male Sprague-Dawley rats weighing 250 g on arrival (Vital River Laboratory Animal Technology Co., LTD, Beijing, China) were housed individually in a temperature-and humidity-controlled vivarium with a reversed 12-h light/dark cycle (lights on at 7:00 P.M.) and ad libitum access to food and water, except during nose-poke training for food pellets. Each rat was handled 3 min per day for 7 days. All behavioral tests occurred during the dark phase. Experiments were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978) and the Regulations for the Administration of Affairs Concerning Experimental Animals (China, 1988) , and all procedures were approved by the Ethics Committee of the Institute of Psychology, Chinese Academy of Sciences.
Drugs
Morphine hydrochloride was purchased from Northeast Pharmaceutical Group Co., LTD (Shenyang, China). Other agents, including 6-OHDA (6-hydroxydopamine hydrobromide), desipramine hydrochloride, SCH23390 (D1 receptor antagonist), and eticlopride (D2 receptor antagonist) were purchased from Sigma-Aldrich Co., LLC (St Louis, MO, USA).
Apparatus
The rats were trained and tested for morphine self-administration in standard operant chambers (Med Associates, Inc., St. Albans, VT, USA), which were placed in a light-and soundattenuating cubicle. Each chamber contained two nose-poke holes (ENV-114M, Med Associates), located 5 cm above the grid floor, and an LED light as a cue. A house light (ENV-215M, Med Associates) was mounted on the opposite wall. Drug solution was delivered through polyethylene tubing, protected by a leash assembly (PHM-120, Med Associates), and suspended through the ceiling of the chamber from a fluid swivel (PHM-115, Med Associates). Drug was delivered by a 10 mL syringe in an infusion pump (PHM-100, Med Associates). Experimental sessions were controlled and recorded using MED PC Software IV (Med Associates).
Surgery
Rats' body weight was restricted to 85-90% of the freely feeding weight, and trained to nose-poke for 45 mg food pellets (FR1, daily 1 h/session or 50 pellets). After obtaining 50 food pellets in three consecutive sessions, rats again received an unrestricted food access. Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.; Sigma-Aldrich) before implantation with jugular catheters and intracranial guide cannula. Rats were implanted with chronically indwelling intravenous catheters similar to previous surgical procedures (Capriles et al., 2003; Hellemans et al., 2002) . Briefly, a silicone catheter was inserted 35 mm into the right jugular vein and delicately anchored to the vein with silk suture. The other end of the catheter passed subcutaneously to exit into a 22-gauge connector (Plastics One, Roanoke, VA, USA) mounted on the skull (and covered with a plastic cap when not in use for drug infusions). Immediately after catheter surgery, animals were placed in a stereotaxic frame (Stoelting, Wood Dale, IL, USA) and implanted with stainless steel guide cannula (26 gauge, Plastics One) just dorsal to the following brain areas: dlCPu (+1.2, ±3.6, -3.2) and NAshell (+1.4, ±0.8, -5.5). Coordinates (in mm for anterior-posterior, medial-lateral, and dorsal-ventral) were based on a rat brain atlas (Paxinos and Watson, 1986) . Cannulas were secured to the skull using jewelers' screws and dental acrylic. After surgery, a stylet was inserted into the cannula to prevent blockage. The catheters were flushed daily with 0.2 mL saline-heparin (30 U/mL) solution to maintain patency. To prevent infection, rats were treated post-surgically with Timentin (20 mg in 0.2 mL) for 7 days. Patency of catheters was tested using an ultra-short-acting barbiturate, Brevital (methohexital sodium, 10 mg/mL, 2 mg/rat), when is necessary. Generally, a total loss of muscle tone within 3 s after a Brevital injection indicates the patency of a catheter. All rats were allowed to recover for at least 7 days. A total of nine rats in different groups did not maintain good catheter-patency for all 21 training sessions, and data from those rats were not used.
Intracranial microinjections
Rats received bilateral infusions of 6-OHDA (experiments 1 and 2) and SCH23390 or eticlopride (experiments 3 and 4). In experiments 1 and 2, rats were treated with 15 mg/kg desipramine (to protect noradrenergic terminals) before receiving 6-OHDA (free base, 8 μg in 1 μL ascorbic saline per side) or vehicle (0.9% ascorbic saline) at a rate of 0.5 μL/min in the NAshell or dlCPu, 7 days prior to morphine self-administration training (experiment 1) or morphine-seeking test (experiment 2). This type of 6-OHDA lesion provides a selective and circumscribed destruction of DA axons and terminals within the striatum (Debeir et al., 2005; Kirik et al., 1998) . In experiments 3 and 4, D1 receptor antagonist SCH23390 (0.1or 1 μg in 0.5 μL per side), D2 receptor antagonist eticlopride (0.2 or 2 μg in 0.5 μL per side), or saline (0.5 μL), were locally injected into the NAshell (experiment 3) or dlCPu (experiment 4) 10 min prior to the drug-seeking test. Dosages and injection volume of these antagonists were based on our pilot studies as well as data reported from previous studies on drug reward and seeking (Anderson et al., 2003; Bachtell et al., 2005; Bossert et al., 2009; Sun and Rebec, 2005) .
All drugs were injected by a 10 μL Hamilton syringe driven by a Microinjection pump (Cole Parmer, IITC, Life Sci. Instruments, CA, USA), via polyethylene tubing attached to a 30-G stainless steel needle extending 2.0 mm below the tip of an implanted guide cannula in the NAshell or dlCPu. The needle remained in place for 5 min to prevent reflux and to allow for drug diffusion. Microinjection sites were confirmed on 40 μm cresyl violet stained sections.
Behavioral procedures
Morphine self-administration training, abstinence and seeking. Rats self-administered morphine in 21 daily 3 h sessions. Morphine hydrochloride was dissolved in saline and infused in a volume of 0.1 mL over 5 s at a dose of 0.3 mg/kg (first 14 sessions) and 0.1 mg/kg (last 7 sessions) per infusion under a fixed-ratio 1 (FR1), 20 s timeout reinforcement schedule. According to previous work (Bossert et al., 2007 (Bossert et al., , 2009 , the active nose-poke responses and infusions would be increased significantly when drug dose decreased, to indicate a stable drug self-administration. Each session start was signaled by illumination of the house light. Nose-poking in the active hole resulted in an infusion of morphine and a presentation of a compound tonelight cue (5 s activation of the white stimulus light inside the active nose-poke hole and a tone generator, 2 kHz, 70 dB, 10 dB above ambient noise) for 5 s, followed by a 20 s timeout period. During infusion and timeout, the house light was off, and responding during the timeout period was recorded but had no programmed consequences. Responses in the inactive hole were counted but had no scheduled consequences during the full session.
After 21 self-administration sessions, all rats experienced forced abstinence for 3 weeks without extinction training as described previously (Gal and Gyertyan, 2006) . Briefly, during the abstinence period, they were transported to another room, different from that for self-administration training, for 1 h every day. This procedure was designed to minimize the potential impact of dishabituation on morphine seeking in the subsequent tests.
On the 22nd day after the last self-administration session, a 1 h relapse test session similar to previous procedures (Gal and Gyertyan, 2006) was conducted in the self-administration chamber to assess the context and discrete cue-induced morphine seeking, under conditions identical to those of training except that the nose-poke responding was not reinforced by morphine. All cues previously associated with morphine infusions (contextual and infusion-contingent discrete tone-light cues, sound of the infusion pump, house-light, time out period) were present but no syringe was put in the infusion pump.
Locomotor activity. This test was designed to exclude possible effects of motor impairment caused by the 6-OHDA lesion or DA receptor antagonists treatment (Fuchs et al., 2007; See et al., 2007) . It was measured in a novel environment after the final test of self-administration or morphine-seeking behavior. In experiments 1 and 2, 6-OHDA-and sham-treated rats were placed directly into a Plexiglas open-field apparatus (width × length × height, 45 × 45 × 45 cm). In experiments 3 and 4, rats were infused with SCH23390 (1 μg/side), eticlopride (2 μg/side), or saline 10 min before testing. A ceiling-mounted video camera captured rats' movements and relayed the data to a computer for subsequent software-based analysis of the time-dependent horizontal activity.
Histological examination. After completion of the behavioral tests, rats were anesthetized deeply with sodium pentobarbital (90 mg/kg, i.p.; Sigma-Aldrich) and perfused with 4% paraformaldehyde. Brains were removed, post-fixed overnight, then cryoprotected by immersion in 30% sucrose solution in 0.1 M phosphate buffer (PB) at 4°C until they sank. Serial coronal sections (40 μm) were cut on a freezing microtome.
To identify 6-OHDA lesion areas in rats in experiments 1 and 2, tyrosine hydroxylase (TH) immunohistochemistry and verification were performed as previously reported (Faure et al., 2005) . Sections were collected in a 0.01 M phosphate-buffered saline (PBS), pH 7.4, and pretreated with 3% hydrogen peroxide for 10 min. After carefully washing in 0.01M PBS with 0.3% Triton X-100 (PBS-Tx), they were incubated in 5% normal goat serum in PBS-Tx for 30 min at room temperature, then in PBS-Tx containing the rabbit polyclonal TH (ab6211, 1:5000, Abcam Inc, Cambridge, MA, USA) antibody overnight at 4°C. After rinsing with PBS-Tx, sections were then incubated in secondary antibody, goat anti-rabbit IgG (pv6001, Zhongshan-Golden Bridge Biotech Co. Ltd., Beijing, China) at room temperature for 30 min. Tissues were washed in 0.1 M PBS for three times for 10 min before being developed with 0.06% 3,3-diaminobenzidine (DAB) for 5 min at room temperature. Sections were rinsed in PBS, 95% ethanol (2× for 2 min), and 100% ethanol (3× for 15 s) and were dehydrated in xylene (3× for 5 min). Slides were mounted and sealed with Permount for examination under a light microscope. Loss of DA innervation was measured with TH labeling of DA fibers as reported previously (Faure et al., 2005) . Maximum and minimum sizes of lesions were reported on schematic sections of the atlas (Paxinos and Watson, 1986 ) (see Figure 1 ). 6-OHDA injected in NAshell led to dopaminergic deafferentation in the medial NAc (mNAc), including mainly the NAshell and part of the core.
In experiments 3 and 4, tissue was stained with cresyl violet to confirm injection sites. Sections were thawed 10 min at room temperature and then placed in 0.5% cresyl violet (Sigma-Aldrich, St Louis, MO, USA) in distilled water for 20 min. All sections were rinsed with water, dehydrated with ethanol, cleared with xylene and sealed with Permount and coverslips, and examined under a light microscope. Only rats with correct injection sites were used for statistical analysis (Figure 2 ).
Statistical analysis
Data are represented as mean ± S.E.M. and were analyzed with the statistical program SigmaStat v 3.5 (Systat Software Inc., San Jose, CA, USA). Comparisons were considered statistically significant at p<0.05. A two-way repeated measure analysis of variance (ANOVA) was performed for morphine self-administration (active or inactive nose-pokes, infusions) and locomotor activity. The within-subject factor was 'test sessions' or 'time courses', while the between-subject factor was 'treatment' ('6-OHDA' versus 'sham', 'antagonist' versus 'saline'). Post-hoc Tukey test followed ANOVA when appropriate. For morphine seeking, nosepoke data (active or inactive) were analyzed separately by Student's t-test ('6-OHDA' versus 'sham') or one-way ANOVA between 'treatment' ('antagonist' versus 'saline'), with a Tukey post-hoc test to compare different treatment groups.
Results
Experiment 1, acquisition of morphine self-administration after 6-OHDA lesions in mNAc or dlCPu
To investigate the effect of 6-OHDA on the acquisition of morphine self-administration, the rats were injected with 6-OHDA and saline into the mNAc (two groups; n=7-8) or dlCPu (two groups; n=7-9), seven days before self-administration training. Figure 3A depicts nose-pokes during the 3 h training sessions by rats with 6-OHDA and sham infusions in mNAc. Two-way repeated-measures ANOVA of active-site nose-pokes showed significant 'group × session' interaction [F(20,249)=3.856, p<0.001] and main effect of group and session [group, F(1,13)=45.342, p<0.001; session, F(20,249)=6.468, p<0.001]. A post-hoc test showed that the number of active nose-pokes was significantly reduced by mNAc 6-OHDA in sessions 1, 7, 8, 10, 12-14 (p<0.05), and 18-21 (p<0.001). When morphine dose was reduced from 0.3 to 0.1 mg/kg per infusion, rats receiving saline increased in number of active nose pokes (p<0.05), indicating a reliable morphine self-administration, but those given 6-OHDA did not.
The same tests on dlCPu-treated rats ( Figure 3B ) revealed no significant interaction [F(20,262)=0.206, p>0.05] or group differences [F(1,14)=0.217, p>0.05], but only a significant session effect [F(20,262)=11.083, p<0.001]. Post-hoc test showed that reducing the morphine dose for the dlCPu-treated rats caused an increase in number of active nose-pokes in both sham and 6-OHDA groups (p<0.05), with no significant group differences in any session (all p>0.05).
A similar pattern appeared with regard to morphine infusions ( Figure 3C and 3D) . Again, there was a significant 'group × session' interaction in mNAc-treated rats [F(20,249)=3.706, p<0.001] but not in dlCPu treated rats [F(20,262)=0.160, p>0.05]. Main effects of group and session were significant in mNAc rats [group, F(1,13)=39.644, p<0.001; session, F(20,249)=7.218, p<0.001] but dlCPu-treated rats showed only a significant session effect [F(20,262)=14.828, p<0.001]. Post-hoc analysis of infusion numbers showed that rats given mNAc 6-OHDA reduced their infusions overall compared with sham controls, and also failed to increase infusions when morphine dose was reduced ( Figure 3C) , indicating failure to acquire stable morphine self-administration. In contrast, rats given 6-OHDA in dlCPu did not differ from sham controls in any session.
These data suggest that destroying DAergic innervation by injecting 6-OHDA into the mNAc, but not dlCPu, impaired the acquisition of morphine self-administration behavior. The effect on self-administration did not result from the movement 
Experiment 2, cue-induced morphine seeking after 6-OHDA lesions in the mNAc or dlCPu
Four new groups of rats undergoing morphine self-administration (7-8 per group) were matched for their active responses and morphine intake during training. At the end of training, the number of infusions per 3 h session averaged 52 ± 5.3. Number of active and inactive nose-pokes on the last day of training was 63 ± 6.4 and 6.8 ± 1.5, respectively. Two weeks later (7 days before a seeking test), saline or 6-OHDA was injected into the NAshell (two groups) or dlCPu (two groups). The sham-treated rats showed robust cue-induced drug-seeking behavior after 3 week forced morphine abstinence. This behavior, however, was attenuated in rats subjected to 6-OHDA lesions of the mNAc or dlCPu ( Figure 5 ). Compared with sham controls, significantly fewer active nosepokes were demonstrated by rats receiving 6-OHDA in the mNAc or dlCPu (both p<0.01). In contrast, 'inactive responding' was not affected by 6-OHDA injections in either locus (both p>0.05). Further, all rats could discriminate between the active and inactive nose-pokes and preferred to respond on the previously drugpaired hole (mNAc and dlCPu: p<0.001 in both 6-OHDA and sham group). In addition, locomotor activity did not differ between groups ( Figure 6 ).
Experiments 3 and 4, morphine seeking after blockade of D1-or D2-like receptors in NAshell and dlCPu
Since the lesions indicated that DAergic transmission in both the NAshell and dlCPu is involved in cue-induced morphine seeking, we performed further experiments to test the roles of D1 and D2 receptors. After abstinence for three weeks, five groups of rats (n=6-8) were received NAshell injections of the D1 antagonist SCH23390 (0.1 or 1 μg/side), the D2 antagonist eticlopride (0.2, or 2 μg/side), or saline. Another five groups (n=7-8) were used for equivalent experiments on dlCPu (all groups were matched for active responses and morphine intake during training).
At the end of the training phase for the NAshell experiments, the number of infusions per 3 h session averaged 41 ± 3.5 overall, while the numbers of active and inactive nose-pokes were, respectively, 60 ± 4.2 and 4.6 ± 0.8. This robust seeking behavior was attenuated by pretreatment with D1 antagonist (Figure 7A ). One-way ANOVA of active nosepokes revealed a significant effect of SCH23390 dose [F(4,33)=7.58, p<0.001]. A Tukey post-hoc test showed that only high-dose treatment (1 μg/side) reduced the number of active responses (p<0.01). On the other hand, even a high dose of the D2 antagonist, eticlopride, failed to affect morphine seeking (p>0.05 for 0.2 or 2 μg/side).
Additional experiments were carried out with a fresh set of rats to examine effects of DA receptor antagonists in dlCPu. These experiments yielded similar results as that in NAshell except that, strikingly, D2 blockade in the dorsal striatal region proved as effective as D1 blockade, or even more so. Again, rats (n=6-8) were matched for responses and infusions at the end of selfadministration training (38.2 ± 3.0 infusions, 53 ± 4.2 active responses, and 7.1 ±1.6 inactive responses). Robust drug-seeking behavior was again present after the 3 week abstinence, but both antagonists attenuated this behavior ( Figure 7B ). One-way ANOVA of active nose-pokes revealed significant effects of DA antagonist and dose [F(4,31)=4.870, p<0.01]. Post-hoc analysis by Tukey test showed that both SCH23390 (1 μg/side) and eticlopride (0.2 and 2 μg/side) decreased the number of active nosepoke responses significantly below the saline control level (p<0.01). The lower doses of SCH23390, however, did not significantly affect morphine seeking (p>0.05).
In contrast with morphine-seeking behavior, inactive responding was not affected by either dose of either antagonist at either of the tested loci ( Figure 7C and D, all p>0.05) . Thus, the rats were clearly able to discriminate between nose-pokes and preferred to respond on the previously drug-paired active nose-poke. Furthermore, none of them displayed non-specific effects such as reduced locomotor activity (Figure 8) . Taken together the results indicate that cue-induced morphine-seeking behavior was selectively reduced in a dose-dependent manner by D1 but not D2 receptor antagonism in NAshell, and by both types of antagonists in dlCPu.
Discussion
We found that cue-induced morphine seeking was attenuated by DAergic denervation of the medial NAc (mNAc) and dlCPu with 6-OHDA, by blockade of D1-like receptors with SCH23390 in the NAshell, and by blockade of D1-and D2-like receptors with SCH23390 and eticlopride, respectively, in the dlCPu. This finding indicates a critical role of DAergic transmission in the NAshell (via D1 receptors) and dlCPu (via D1 and D2 receptors) in opiate seeking after prolonged abstinence. Interestingly, blockade of D2 receptors in the NAshell and that in the dlCPu differentially affected opiate seeking, with D2 being important in the dlCPu but not in the NAshell. The injection volume and dosage of DA antagonist in the NAshell and dlCPu were chosen based on previous studies (Anderson et al., 2003 (Anderson et al., , 2006 Bachtell et al., 2005; Bossert et al., 2009; Laviolette et al., 2008) that proved this treatment not to affect the adjacent regions. Therefore, it is less likely that the results here were induced by SCH23390 or eticlopride diffused to NAc core dorsomedial or medial-lateral caudate putamen.
DA transmission is crucial for opiate-seeking behavior induced by drug-priming and stress. For example, heroin-priming-induced reinstatement can be mimicked by the DA reuptake inhibitor GBR-12909 or D2 receptor agonist quinpirole and bromocriptine; meanwhile, priming-or foot-shock-induced reinstatement can be attenuated by systematic antagonism of the D1, D2, or mixed receptors (De Vries et al., 1999 , 2002 Ettenberg et al., 1996; Shaham and Stewart, 1996; Wise et al., 1990) . However, the roles of striatal DA or of its receptors in opiate seeking induced by drug-associated discrete or contextual cues have not been fully elucidated (Shalev et al., 2002) . Here, our results indicate that DA in both the mNAc and dlCPu is critical for morphine seeking induced by mixed discrete and contextual cues after abstinence, extending the previous findings on DA mechanisms in priming-or stress-induced opiates seeking, as well as those on cue-induced cocaine seeking (for review see Shaham et al., 2003; Shalev et al., 2002) . Although mNAc 6-OHDA lesions include part of the NAc core in the current study, the literature suggested that the NAshell DA is more important for cue-induced morphine seeking (Bassareo et al., 2007; Bossert et al., 2007; Ghitza et al., 2003) . It is also unlikely that the motor deficits can account for the decreased seeking behavior (active nose-poke responding) observed following our treatment with 6-OHDA or DA D1/D2 antagonists, because this treatment in NAshell or dlCPu fails to affect locomotor activity in a novel environment and the inactive nose-poke responses in the seeking test. Further experiments training rats for a non-drug reinforcer (i.e. food self-administration) would verify the specificity of the experimental treatment on drug seeking, and will be used in our future studies.
Several lines of evidence have underscored the importance of dlCPu and DA in cue-induced cocaine seeking with reversible inactivation (See et al., 2007) , in vivo micro-dialysis (Ito et al., 2002) or DA receptor antagonism (Vanderschuren et al., 2005) . However, relevant studies for cue-induced opiate seeking have lagged behind. The present study revealed a critical role of dlCPu DA, and both D1-and D2-like receptors in cue-induced morphine seeking by DAergic lesions and receptor blockade, extending findings of a previous reversible inactivation study (Rogers et al., 2008) by elucidating the DA receptor mechanisms. These findings complement earlier studies implicating dlCPu D1-like receptors in context-induced heroin seeking in a reinstatement model (Bossert et al., 2009 ), suggesting that the dorsal striatal DA (via D1 and D2 receptor) is important for cueinduced opiate relapse in the abstinence-relapse model. Therefore, dlCPu DA may be involved in opiates and psychostimulants relapse behavior.
In addition, our data implicate ventral striatal DA and D1 receptors in cue-induced morphine seeking. This is consistent with findings in priming-induced morphine seeking (Wang et al., 2003) , context-induced heroin seeking (Bossert et al., 2007) and discrete cue-induced cocaine seeking (Alleweireldt et al., 2002) derived from extinction-reinstatement studies. Although reinstatement studies on cocaine seeking suggest an important role of the NAc core relative to the shell (Bachtell et al., 2005; Fuchs et al., 2004 Fuchs et al., , 2008b Owesson-White et al., 2009; Suto et al., 2009) , NAshell may be more crucial for cue-induced opiate seeking, which is supported by reports that morphine-paired conditioned cues elicit incentive reactions, DA release, and Fos expression in the NAshell but not in the core (Bassareo et al., 2007; Harris and Aston-Jones, 2003) .
However, several cocaine-seeking studies suggested that NAshell might not participate in regulation of cue-induced seeking behaviors. Inactivation of NAshell did not affect cue-induced cocaine seeking (See et al., 2007) ; exposure of drug-associated cues did not affect DA release in the NAshell (Ito et al., 2000; Neisewander et al., 1996) . Three explanations may account for this discrepancy. Firstly, DA antagonism and reversible inactivation in the same brain areas possibly have different effects on drug seeking (Anderson et al., 2003; Mcfarland and Kalivas, 2001) . Secondly, our training conditions (3 weeks of self-administration, 3 h/session) may have been too brief for the morphine-seeking behavior to shift fully from NAc-dependent 'goal directed' to dlCPu-dependent 'habitual seeking' (Canales, 2005) , because the dorsal striatum became progressively more engaged in drug seeking as the drug experience increased (Porrino et al., 2004; Zapata et al., 2010) . Nevertheless, further studies are necessary to elucidate the roles of ventral and dorsal striatal pathways in opiate seeking after self-administration training with short and long access to drug. Furthermore, the neural mechanisms for opiate and cocaine seeking may differ (Badiani et al., 2011) . For example, in rats, exposure to cocaine and morphine inversely affect the dendritic branching and spine density in the NAc (Robinson and Kolb, 2004) and the GABAergic synaptic transmission in the VTA (Liu et al., 2005; Madhavan et al., 2010) . Such dissociable changes may contribute to a role of NAshell DA in morphine (not cocaine) seeking.
Unlike the observed effectiveness of solely D1 receptor in the NAshell, we found that both D1 and D2 receptors in the dlCPu were involved in morphine seeking. This provides evidence that dlCPu D2 receptors mediate conditioned opiate seeking, extending previous findings that D1 receptors in NAc and dlCPu mediate reinstatement of heroin seeking induced by contextual or discrete cues (Bossert et al., 2007 (Bossert et al., , 2009 ) and that systematic blockade of D2-like receptors attenuates opiate seeking (De Vries et al., 2002; Wise et al., 1990) . D1 and D2 receptors interact synergistically within the striatum to stimulate both forms of output and to control behaviors (Lahoste et al., 2000) , and thus antagonizing one of the two kinds of receptors has been reported to attenuate the stimulation of the other (Charntikov et al., 2011; Waszczak et al., 2002) . On the other hand, the D2 antagonist eticlopride may have enhanced glutamate release by antagonizing inhibitory receptors on corticostriatal terminals (Yamamoto and Davy, 1992) . In any case, our results suggest that activation of D2-like DA receptors mediates mixed cues-induced morphine seeking in a region-specific manner within the mesocorticolimbic and nigrostriatal DA terminal regions.
In addition, we provide further support for accumbal DA regulating opiate incentive learning. Selective 6-OHDA lesions of mNAc DA terminals impaired the acquisition of stable morphine self-administration. Such effect is less likely attributable to 6-OHDA lesions that possibly expand to the core, because 6-OHDA lesions or DA receptor antagonism predominantly in the NAc core did not impair the acquisition of opiate self-administration or conditioned place preference (Fenu et al., 2006; Gerrits and Van Ree 1996; Gerrits et al., 1994) and opiate did not increase DA levels in NAc core (Lecca et al., 2007; Pontieri et al., 1995) . Moreover, microdialysis data show that DA in the NAshell rather than the core is responsive to i.v. morphine and self-administered heroin (Lecca et al., 2007; Pontieri et al., 1995) . Taken together, the current finding implies NAshell DA in mediating opiate incentive learning. Nevertheless, further studies should directly compare the exact role of DA in the NAshell versus that in the core in opiate reinforcement or seeking. Furthermore, a critical role for NAshell DA in opiate incentive learning is consistent with literature reporting that blocking or depleting NAc DA transmission impairs the acquisition of opiate-induced drug-seeking behaviors such as morphine-or heroin-induced conditioned place preference and heroin self-administration (Fenu et al., 2006; Singer and Wallace, 1984; Spyraki et al., 1983) . Interestingly, local 6-OHDA lesions in NAc or systematic DA receptors antagonism reportedly have no effect on the maintenance of morphine and heroin selfadministration after its acquisition (Dworkin et al., 1988; Ettenberg et al., 1982; Pettit et al., 1984) . Therefore, NAc DA may be more important for the acquisition, rather than maintenance, of opiate self-administration, as hypothesized by Di Chiara and colleagues following their seminal studies on the effects of drugs of abuse on NAc shell DA (Di Chiara, 1998 Chiara, , 2002 . Although studies on acquisition of heroin selfadministration reported some inconsistency (Gerrits and Van Ree, 1996; Gerrits et al., 1994) , this discrepancy may mainly result from the injection cite centered to NAc core (Gerrits' studies) versus shell (our study). Besides, the non-DAergic mechanisms mediating opiate reinforcement may also contribute to this (Xi and Stein, 2002) . Heroin passes the blood-brain barrier more rapidly, and thus has likely more potent non-DA reinforcing effects than morphine (Oldendorf et al., 1972; Sawynok, 1986) . Differences in behavioral procedures may also explain the discrepancy between Gerrits' results and ours. That is, Gerrits' studies included a test session prior to each self-administration session. Direct comparison of DAergic and non-DAergic mechanisms of opiate reward learning behaviors would deepen our understanding the acquisition of opiates addiction.
It is noteworthy that the present study utilized an abstinencerelapse model rather than the widely used extinction-reinstatement model (Fuchs et al., 2008a) , which reportedly involves different neural substrates (Fuchs et al., 2006; Neisewander et al., 2000; Zavala et al., 2007) . Although the latter is particularly useful for assessing incentive motivation of various drug-associated cues (Shaham et al., 2003) , human drug users seldom, if ever, undergo such extinction training sessions in clinical settings. Therefore assessing drug seeking after a drug-free period in the abstinence model (Gal and Gyertyan, 2006) may better capture the neural mechanisms of cue-induced drug relapse in humans (Reichel and Bevins, 2009) . It is necessary to fully explore and compare the mechanisms of cue-induced opiate seeking using the extinctionreinstatement and abstinence-relapse models in future studies.
In conclusion, the current study provides evidence for a critical role of the dorsal and ventral striatum while differentiating the roles of D1 and D2 receptors in relapse to opiate seeking after prolonged abstinence. Since drug seeking is mediated by multiple DA terminal regions including the frontal cortex, hippocampus, amygdala and ventral pallidum (Mclaughlin and See, 2003; Neisewander et al., 2000; Rogers et al., 2008) , it remains to be determined how greatly DA transmission in these regions contributes to drug seeking in the abstinence model and in the reinstatement model. Further research will be necessary to investigate the relationship between the ventral and dorsal striatum and that of the two regions with other brain structures in relapse, in order to fully understand the mechanism of relapse. An immediate target may be the cortex that projects widely and diffusely across the striatum (Haber et al., 2006) . Taking advantages of different animal models, we may develop behavioral and pharmacological interventions that alter dorsal or ventral striatal activity, which may ultimately lead to new ways of treating addiction to opiates and other drugs of abuse.
